Introduction
The planetary boundary layer (PBL) is the lowest part of the atmosphere that contains most atmospheric aerosols and humidity (Stull, 1988) . A sound understanding of its main properties (such as height and temporal evolution) and of the factors affecting these properties is essential for meteorological forecasting, climate studies and air quality assessment (Gerbig et al., 2008; Monks et al., 2009) . In fact, aerosols once emitted are confined within the PBL where they reside for
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a relatively long time and disperse or accumulate depending on the PBL characteristics such as height or wind fields. During the day the PBL undergoes a diurnal cycle with the highest values around midday when convection is the main mixing force, yielding the shallowest values at night. During the night when convection is not the main mechanism, the PBL structure is largely influenced by surface friction due to vegetation, topography, and urban roughness (Barlow et al., 2011) .
The PBL height is usually assessed in two ways: (i) by using in situ vertical profiles of temperature, humidity or wind, and (ii) by employing the aerosols as tracers for laserbased backscatter profilers. The former method is a thermodynamic sounding which determines the top of the PBL through observation of temperature inversions, hydrolapse, or change in wind speed and/or wind direction (e.g. Holzworth, 1964 Holzworth, , 1967 . The latter method identifies the PBL heights by checking gradients in the aerosol concentrations and is usually applied by means of lidars/ceilometers (e.g. Martucci et al., 2010; Haeffelin et al., 2012) . Other widely used remote sounding systems for PBL height determination include sodar, rass and wind profiling radar. A number of methods have been employed to extract the PBL height from active optical methods, providing aerosol backscatter profiles. The decreasing laser backscatter from the aerosols at the interface (transition zone) between the PBL and the free troposphere is the essence of the method. The identified transition zone is a proxy for temperature inversion. These methods involve the analysis of the first or second derivative of the backscatter or the logarithm of the backscatter profile (e.g. Flamant et al., 1997; Menut et al., 1999; Sicard et al., 2006; Martucci et al., 2007) , THT (temporal-height tracking) technique (Martucci et al., 2010; Haeffelin et al., 2012) , and backscatter variance (e.g. Lammert and Bosenberg, 2006) , among others. Methods based on the lidar determination of the PBL height using aerosols as tracers may be adversely affected by the pre-processing of the data, gradient detection, and layer attribution, especially during morning or afternoon transitions or under stable atmospheric conditions (Haeffelin et al., 2012) . Conversely, in well-mixed boundary layers, the largest change in the aerosol would match the top of the PBL with the free troposphere above, thus minimizing the uncertainty of retrieving the PBL top. Given the high spatial and temporal resolutions (normally 15 m and 15 s), lidars and ceilometers have become increasingly important for PBL studies and are widely used in networks around the world and especially in Europe (e.g. Flentje et al., 2010; Pappalardo et al., 2004) . Earlier studies have dealt with the determination of the evolution of the PBL by means of groundbased laser sensors at both continental sites (e.g. Boers et al., 2000; Clothiaux et al., 2000; Matthias and Bösenberg, 2002; Kalb et al., 2004; Baars et al., 2008) and at coastal sites (e.g. Sicard et al., 2006 Sicard et al., , 2011 Matthias et al., 2004; Milroy et al., 2011) . PBL heights at continental sites up to 2-3 km a.s.l. have been usually observed in summer . Conversely, at sites closer to the coastline no significant differences have been observed in the retrieved heights between summer and winter. Given that the Mediterranean coastal areas are subject to major population density, studies of PBL properties at these locations are of special interest. A number of works have previously focused on the annual and seasonal evolution of the boundary layer at coastal sites in Europe: Barcelona (Sicard et al., 2006 (Sicard et al., , 2011 , Athens (Batchvarova and Gryning, 1998) , Marseille (Delbarre et al., 2005; Lemonsu et al., 2006) , Naples (Boselli et al., 2009) and Rome (Mastrantonio et al., 1994) , among others. However, only few works have addressed the determination of the boundary layer diurnal evolution (Martano, 2002; Talbot et al., 2007; De Tomasi et al., 2011) . A better characterization of the diurnal evolution of the PBL is needed because of its rule in regulating the extent of dispersion for pollutants.
In this study ceilometer measurements were performed in Barcelona (Spain), one of the most populated and polluted coastal sites in the western Mediterranean Basin (WMB). Earlier lidar measurements performed in Barcelona showed an absence of a marked PBL annual cycle, which is related to the typical summer conditions of the WMB characterised by weak pressure gradients and the development of breeze circulation patterns (Millán et al., 1997; Pérez et al., 2004; Sicard et al., 2006 Sicard et al., , 2011 Sicard et al., , 2012 . These distinctive characteristics of the WMB together with poor and irregular precipitations and frequent air mass advections from Africa (e.g. Millán et al., 1997; Rodríguez et al., 2001 ) make the concentration, composition and vertical distribution of the atmospheric aerosols to be highly variable. Consequently, aerosol models and radiative transfer models still suffer from large uncertainties when applied to this region (e.g. Pay et al., 2012) .
In this work, we analyse one month of measurements of PBL height and optical properties continuously performed for the first time over Barcelona (Spain), by using a verticalpointing 1064 nm wavelength CHM15K ceilometer within the framework of the SAPUSS (Solving Aerosol Problems Using Synergistic Strategies) project (Dall'Osto et al., 2012) . The main objectives are to provide valuable insights on the PBL structure, evolution and optical properties over Barcelona based on the continuous ceilometer measurements and radiosonde data. We present and discuss the daily cycle of the PBL height and aerosol backscatter at selected heights under three typical atmospheric scenarios affecting the WMB and detected during the duration of the campaign, namely: stagnant Regional (REG), warm African (NAF), and cold Atlantic (ATL). Ground meteorological data and ground PM 1 (particles with aerodynamic diameter <1 µm) concentrations are also presented and correlated with the measured aerosol optical properties as a function of the atmospheric scenarios. The effects of overlying warm African air masses and of strong sea breezes on PBL growth and evolution are discussed. Additionally, ceilometer measurements are correlated with radiosonde data in order to study the effect of relative humidity on aerosol backscatter vertical profiles over the coastal area of Barcelona. Finally, the aerosol backscatter coefficient vertical profile and its relationship with unstable/stable atmospheric conditions are also discussed.
Methodology

Measurement site
Ceilometer measurements were performed at the coastal site of Barcelona (BCN, Spain; 41°23 24.01 N, 02°6 58 .06 E) from 20 September to 19 October 2010. The ceilometer pointing vertically was placed on the roof of an 8 m high building about 5 km from the sea in an urban background area (called UB SAPUSS site). Barcelona and its satellite towns (with nearly 4.5 million inhabitants) cover an 8 km wide strip between the Mediterranean Sea and the coastal mountain range. Moreover, several industrial zones, power plants, and highways are located in the area, making this region to one of the most polluted in the WMB (Querol et al., 2008) . Furthermore, during SAPUSS a second ceilometer was also deployed on the terrace of the Fabra observatory (41 • 25 56 N, 2 • 07 27 E; 500 m a.s.l., called TC SAPUSS site), located in the coastal mountain range behind Barcelona, at about 5 km from the UB site and pointing horizontally towards the sea (Dall'Osto et al., 2012) . A future work will be dedicated to the horizontal ceilometer measurements and presented in this SAPUSS ACP special issue. The main characteristics of the area under study and detailed information on the measurement sites and meteorology in the region during SAPUSS can be found in Dall'Osto et al. (2012) .
Ceilometer
The vertical profiles of the lidar signals during the SAPUSS campaign were measured by the single-channel CHM15K (CHM) elastic lidar (ceilometer) manufactured by Jenoptik (Germany). The instrument is designed for continuous cloudbase height determination and aerosol backscatter coefficient measurements during the day and night. The CHM uses a diode-pumped Nd : YAG (neodymium : yttrium aluminum garne) solid state laser emitting low-energy laser pulses (8 µJ at 5.58 kHz) at the fundamental wavelength of 1064 nm. The instrument acquires signals in single photon counting mode, thus increasing the signal-to-noise ratio from altitude where the concentration of aerosol is low. During the SAPUSS campaign, the ceilometer signals were collected every 30 s with a spatial (vertical) resolution of 15 m. The CHM nominal spatial range is 30-15 000 m, with 15 m vertical resolution (Martucci et al., 2010) . The overlap between the emitter's and receiver's field of view is full at 1500 m (Martucci et al., 2010; Heese et al., 2010; Flentje et al., 2010; Milroy et al., 2011) . However, because of the steep slope of the overlap function, the region above 500 m has > 60 % overlap (Martucci et al., 2010) . Moreover, as shown by Milroy et al. (2011) during a multi-sensor comparative study performed at Mace Head (Ireland), the CHM15K signal clearly detects aerosol layers and the PBL internal structure at heights > 500 m. Mainly because of the low power of its laser pulses, the ceilometer has been compared with more powerful lidars designed for tropospheric aerosol studies Freudenthaler et al., 2010; Tsaknakis et al., 2011; Haeffelin et al., 2012; Milroy et al., 2011) . These comparisons have also been performed to determine the altitude at which the ceilometers are able to detect the aerosols with a signal-to-noise ratio > 1. Heese et al. (2010) found that the CHM15K can detect aerosol backscatter with signal-to-noise ratio (SNR) > 1 in the boundary layer and up to ∼4 km during daytime and up to 9 km during the night. Moreover, Martucci et al. (2010) compared the CHM15k ceilometer with another commercial ceilometer from Vaisala (model CL31) and concluded that the CHM15K has better retrieval skills of the cloud base and a higher sensitivity to aerosols below the cloud base.
Aerosol backscatter coefficients from ceilometers
Knowledge of the maximum height with SNR > 1 is of paramount importance for the correct retrieval of the backscatter coefficient vertical profiles at different times of the day. The radiation collected by the ceilometer is in fact backscattered from aerosols and molecules and the discrimination of the aerosol contribution requires measurements of the molecular backscatter with SNR > 1 at altitudes where aerosols are not present. The extinction coefficient is calculated by inverting the 1.064 µm lidar power profiles (Klett, 1981; Ferguson and Stephens, 1983) in the region where the signal is not completely attenuated, i.e. up 15 km for the CHM15K in cloud-free conditions (but subject to the optical thickness of the total column). A lidar ratio of S = 45 sr is assumed for the probing wavelength at 1064 nm, a mixture of continental and maritime aerosols and in the range of 50-80 % of relative humidity (Ackermann, 1998) . The raw lidar signal (number of photons) is transformed into received power by use of Plank law combined with the lidar equation at any range R. The obtained lidar power is then corrected for the square of the range R and normalized by the lidar constant, the latter being calculated directly along the molecular part of the lidar signal (for a non-opaque profile). Because at 1064 nm the molecular backscatter is very weak, this procedure needs to perform the molecular calibration for integration times not shorter than an hour and preferably during night-time to avoid the solar background. The procedure to obtain the extinction must take into account the effect of the multiple scattering only when high concentration of particles (haze or cloud) occurs along the lidar profile. Multiple scattering (η) is in fact a complex function of the field of view of the lidar, the distance of the haze/cloud, the particle concentration, the breadth of particle size distribution and the layer optical depth. The multiple scattering affects the amplitude of the signal received by the lidar at time t and range R by modifying the lidar ratio S as ηS and can cause smaller extinction than in reality (η < 1). When all the above parameters influencing the value of η are negligible the multiple scattering can be neglected by keeping η = 1.
In this work the aerosol backscatter coefficients were retrieved at two selected heights, i.e. at 500 and 800 m a.g.l. for the entire SAPUSS campaign. The backscatter coefficients at these heights are referred to as β 500 and β 800 hereafter. Moreover, vertical profiles of aerosol backscatter coefficients were retrieved for each day during SAPUSS, integrating the ceilometer signals over 30 min between 12:00 and 12:30 UTC (Universal Time Coordinated).
Determination of SML and DRCL heights by ceilometer
The PBL height and vertical structure above Barcelona was retrieved with standard 30 s and 15 m temporal and vertical resolution, respectively, by applying the temporal-height tracking (Martucci et al., 2010; Haeffelin et al., 2012) algorithm to the lidar returns from the CHM15K. The THT is a 1-D (spatial) gradient and time-constrained technique to retrieve the PBL structure. Two layers are retrieved by the THT at each time step: a surface mixed layer (SML, lower layer), which is a proxy for temperature inversion; and a decoupled residual/convective layer (DRCL, upper layer) above which is the free troposphere. The two layers are calculated by applying the THT to an m-by-n matrix (m = number of range gates; n = number of profiles) of attenuated backscatter coefficients, i.e. the natural logarithm of the background-powerrange corrected lidar return. The THT selects the first gradient ( 
Radiosoundings
Vertical profiles of temperature, pressure, relative humidity, wind speed and velocity were obtained twice a day from radiosondes (model Vaisala RS92-SGP) launched at 00:00 and 12:00 UTC from a co-located radiosounding system run by the Physics Department of the University of Barcelona. The launching site was about 50 m from the location of the ceilometer.
SML height determination by radiosoundings
For the determination of the SML heights from radiosonde data during SAPUSS, we used the simple parcel method described by Holzworth (1964) . With this method the SML height is taken as the equilibrium level of an air parcel with the potential temperature (θ) calculated at ground level. The potential temperature of an air parcel at pressure P is the temperature that the parcel would acquire if it is adiabatically brought to a standard reference pressure P 0 (usually 1000 mbar) and is calculated from pressure and temperature data as follows:
where
is the pressure of the air parcel and 0.286 is the ratio between the gas constant of air (R) and the specific heat capacity at a constant pressure (c p ). The parcel method allows us to determine the PBL heights in the case of marked inversions, which are usually observed during the day but which are also typical for the nocturnal atmosphere.
Other measurements
Hourly ground ambient temperature, relative humidity, wind speed and direction data were obtained at a meteorological station placed at the Barcelona urban background (UB) measurement site described in Reche et al. (2011) and Dall'Osto et al. (2012) and located at about 200 m from the ceilometer. Particulate matter (PM) concentrations were obtained during SAPUSS by means of GRIMM (GFZ Reference Internal Magnetic Model) optical counters (model 1107) at the UB site. Subsequently, the PM concentrations from GRIMM were corrected with factors obtained by comparing real time and gravimetric measurements. PM gravimetric measurements on a 24 h basis were performed every day during SA-PUSS with high volume samplers (DIGITEL and MCV at 30 m 3 h −1 ) with appropriate (PM 1 , PM 2.5 , PM 10 ) cut-off inlets. Aerosol optical depth (AOD) data were obtained from a sunphotometer operating within AERONET (the AERosol Robotic NETwork of ground-based sun-and sky-scanning radiometers; Holben et al., 1998) and located about 50 m from the ceilometer. The AERONET cloud-screened Level2 data were used in this work. Moreover, data from the sunphotometer were used to retrieve the aerosolÅngström exponents (å), which are a proxy for aerosol size. An aerosol distribution dominated by coarser particles is characterised by values lower than 1, whereas a largerå (higher than 2) indicates that the scattering is dominated by submicron particles (Schuster et al., 2006) . 
Classification of air masses during SAPUSS
During the SAPUSS campaign three different atmospheric scenarios, namely, Regional (REG), Atlantic (ATL), and African (NAF) were observed. These scenarios are not uncommon in the western Mediterranean in summer (i.e. Millan et al., 2000; Pey et al., 2010a; Pandolfi et al., 2011) . A brief description of their main characteristics is given below whereas the detailed meteorological picture during SAPUSS and the description of tool used for meteorological analysis are provided in the presenting overview of the SAPUSS campaign (Dall'Osto et al., 2012) . Briefly, the REG scenario typically develops under meteorological conditions characterised by insignificant air mass circulation at the synoptic scale, thus occasionally favouring the accumulation of pollutants. The ATL scenario represents advections from the Atlantic Ocean associated with cold fronts crossing the Iberian Peninsula (IP). This scenario leads to the renovation of accumulated pollution in aged air masses with a consequent reduction in pollutant concentrations. Finally, the NAF scenario identifies the days characterised by air masses from Africa. During the campaign, a total of 9, 7, and 6 days were identified as REG, ATL and NAF, respectively. Moreover, the NAF days were further classified as NAF E and NAF W. NAF E (3 days) is characterised by air mass types proceeding from the Sahara and arriving in Barcelona from the E., i.e. from the Mediterranean Sea, whereas NAF W (3 days) is marked by air masses proceeding from the tropical Atlantic Ocean and arriving in Barcelona from the SW after crossing the Iberian Peninsula (Dall'Osto et al., 2012) .
Results
This section is concerned with the mean characteristics and daily evolutions of SML, DRCL, β 500 and β 800 measured over Barcelona during SAPUSS. Ground meteorological data and ground PM 1 concentrations are presented and correlated with the measured aerosol optical properties. The mean values ( ± 1 σ ) and diurnal cycles of these variables for the entire SAPUSS campaign and for the REG, ATL and NAF scenarios are presented in Table 1 and Fig. 1a and b . Table 1 also gives the mean AOD andÅngström exponents (å) observed during the campaign.
Overall mean characteristics during SAPUSS
The mean ceilometer SML and DRCL heights over the whole SAPUSS campaign (cf. Table 1) were found to be 904 ± 273 m a.g.l. and 1761 ± 363 m a.g.l., respectively. This 
Overall PBL mean diurnal cycles during SAPUSS
On average, the SML showed a diurnal cycle (ALL; Fig. 1a ) with low heights measured at night/early morning (∼800 m around 18:00-06:00 UTC) and progressively increasing by around 50 % at midday (∼1200 m around 12:00-14:00 UTC) when the surface temperature is at its maximum (Fig. 1b) . Thus, the increasing convective activity during the warmest hours of the day caused the increase in SML height. By contrast, opposite diurnal cycles were observed for β 500 and β 800 . Figure 1a (ALL) shows the highest values at night (0.77 Mm −1 sr −1 and 1.07 Mm −1 sr −1 , respectively, around 18:00 -06:00 UTC) and the lowest (0.36 Mm −1 sr −1 and 0.67 Mm −1 sr −1 , respectively) around midday. The difference in backscatter between day and night is probably due to an increase of relative humidity at night (cf. RH in Fig. 1b) leading to a significant hygroscopic growth of aerosols. Radiosonde data were used to calculate the relative difference [%] in RH between night (00:00 UTC) and day (12:00 UTC) at 500 and 800 m a.g.l. during SAPUSS. The RH relative differences were then compared with the relative differences [%] in β 500 and β 800 between night and day. The results are seen in Fig. 2 , where the variations in backscatter coefficients between night and day are highly correlated with the corresponding variations in RH. Thus RH is an important parameter contributing to the variation in aerosol backscatters. Moreover, both the lower SML height and dispersion at night (lower wind speed, cf. Fig. 1b ) compared with daytime likely favour the accumulation of particles (higher PM 1 concentrations at night, cf. Fig. 1a) , which may also contribute to the relative increase in backscatter at night.
Mean PBL characteristics according to different atmospheric scenarios (ATL, REG and NAF)
Important differences were observed in the PBL variables (Table 1) for the three scenarios (REG, ATL, NAF) during the SAPUSS study. The highest mean SML and DRCL heights were observed for the ATL scenario at 965 ± 222 m and at 1878 ± 290 m a.g.l., respectively (Table 1) . These heights are slightly higher (6 %) than the mean SML and DRCL observed during the REG scenario at 911 ± 234 m and 1769 ± 314 m a.g.l., respectively. Nevertheless, under ATL the mean β 500 (0.51 ± 0.44 Mm −1 sr −1 ), β 800 (0.78 ± 0.72 Mm −1 sr −1 ), PM 1 (9.8 ± 1.1 µgm −3 ), AOD (0.03 ± 0.02), and the Angstrom exponent (1.3 ± 0.3) are lower by respectively 20, 24, 40, 60 and 14 % compared with REG (Table 1 ). The lower PM 1 concentrations and AOD during ATL were due to the cleansing effect of the Atlantic advections that reduced the concentration of fine aerosol in the atmosphere. At the same time, the accumulation of pollutants was favoured by the REG episode, when the concentrations of PM 1 reached 16.3 ± 5.3 µg m −3 . The low concentrations of PM 1 for the ATL scenario led toå coefficients higher than those for REG, indicating larger concentrations of coarse particles (> 1 µm) during ATL. The low relative humidity measured during ATL (Table 1 ) also contributed to the low β 500 and β 800 during this scenario. Figure 1 in the Supplement shows that the mean RH during ATL is the lowest during SAPUSS at all altitudes, being about 20 % lower in the first one kilometre of height with respect to REG. By contrast, the lowest mean daily SML and DRCL were detected during the NAF scenario at altitudes of 736 ± 183 and 1573 ± 428 m a.g.l., respectively ( Table 1) . The SML and DRCL heights during NAF are respectively 25 % and 16 % lower than for the ATL scenario. The mean daily SML during NAF ranged between 609 ± 128 m on 8 October 2010 and 798 ± 106 m on 7 October 2010, whereas the minimum and maximum mean daily SML heights during ATL were 895 ± 209 m (on 26 September 2010) and 1022 ± 205 m (on 28 September 2010), respectively. The shallow SML during NAF was also measured by radiosoundings, which detected mean SML heights at 953 ± 138 m, 925 ± 183 m, and 800 ± 206 m for ATL, REG and NAF, respectively. Thus, significant differences are observed between the NAF scenario and the ATL and REG scenarios in terms of the SML and DRCL heights. The low SML and DRCL under NAF may have been caused by a pushing-down effect of the warm overlying African air masses, which changed the temperature profile thus lowering the inversion. Alastuey et al. (2005) reported a significant decrease in the marine boundary layer at Izaña (South of Spain) during an intense Saharan dust outbreak with the overlying African air masses lowering the marine PBL up to 400 m. Similarly, in Barcelona Pérez et al. (2004) reported a case study of low SML height, ranging between about 300 m and 440 m during an intense Saharan dust outbreak. The compression of the SML under NAF air masses favoured the transport of the Saharan dust down towards the surface layers by dry deposition, resulting in the increase of β 500 and β 800 . Indeed, the NAF scenario registered the highest mean β 500 (0.77 ± 0.57 Mm −1 sr −1 ) and β 800 (1.14 ± 0.72 Mm −1 sr −1 ) measured during the campaign (Table 1 ). The calculated β 500 and β 800 under NAF were, respectively, 20 and 15 % higher than under REG, and 50 and 46 %, respectively, higher when compared with ATL. Moreover, as shown in Table 1 , the highest mean column integrated AOD (0.24 ± 0.17) and the lowest meanå (0.7 ± 0.6) were observed during the NAF scenario, suggesting transport of coarser aerosols from the North Africa region. Figure 2 in the Supplement highlights the relationship between AOD and simultaneous β 500 and β 800 by levels ofÅngström exponents, showing that the lowestå were observed during NAF. These were especially low (< 0.12) during a dust transport event detected on 7 October 2010, leading to the highest AOD (> 0.3) during SAPUSS. Nevertheless, the β 500 and β 800 were relatively low during the event, suggesting transport of dust at higher altitudes over Barcelona. After excluding the data collected on 7 October 2010, the mean AOD,å, β 500 and β 800 during NAF were, respectively, 0.11 ± 0.04, 1.0 ± 0.3, 0.80 ± 0.59 and 1.09 ± 0.71 Mm −1 sr −1 , strongly suggesting coarse aerosols within the PBL during the whole NAF scenario. Additionally, the presence of dust transported from Africa under NAF is also evidenced in Supplement Fig. 1 , which shows the multiple-peak structure of the mean aerosol backscatter vertical profile.
Moreover, the low SML and the high RH observed under NAF (around 75 % at ground, cf. Table 1 ) may also have contributed to the high backscatter observed under NAF. Indeed, Supplement Fig. 1 shows that the mean RH during NAF is the highest during SAPUSS at all altitudes, being on average 47 % higher in the first one kilometre when compared with ATL.
Mean diurnal cycles according to different atmospheric scenarios (ATL, REG and NAF)
Large differences among the three scenarios in terms of diurnal cycles were observed for SML, β 500 and β 800 (Fig. 1a) . Figure 1a shows that the mean SML during NAF has a flat structure between approximately 11:00 and 16:00 UTC compared with the ATL and REG scenarios, which by contrast show clear SML maxima around midday. The flat SML structure under NAF is present despite the high surface temperatures at midday under NAF with respect to REG and ATL (cf. Fig. 1b) . The mean SML heights between 11:00 and 16:00 UTC were 1133 ± 354 m, 1107 ± 313 m, and 916 ± 168 m for ATL, REG and NAF, respectively, with the lowest standard deviation (18 %) observed for the NAF scenario compared with ATL (31 %) or REG (28 %). The flat structure observed for SML around midday during NAF is probably due to the increase in the mean wind velocities within the SML preventing the vertical development of the SML. When differentiating NAF into NAF E and NAF W, two different sub scenarios were found. The NAF days were divided into two main categories; namely, NAF E (7, 8, and 9 October 2010, NAF air masses arriving from the east) and NAF W (22-23 September and 3 October 2010, NAF air masses arriving from the west, Dall'Osto et al., 2012) . Figure 3 shows the SML and DRCL diurnal cycles from the ceilometer and the SML heights from the radiosoundings at 12:00 UTC for the NAF W days (Fig. 3a) and the NAF E days (Fig. 3b) . During the NAF W days the SML shows a certain convective growth around midday. Nevertheless, the SML growth under NAF W was not as strong as during the ATL and REG scenarios because of the overlying African air masses. Conversely, a flat SML structure throughout the 24 h was observed under the NAF E days. This is likely due to the strong winds blowing continuously from the Mediterranean Sea preventing the vertical development of the SML. Figure 3 shows that the mean wind direction (wd) and speed (ws) within the first kilometre a.g.l. during NAF W are around 214 ± 39 degrees (southwest) and 3.6 ± 1.7 ms −1 , respectively, whereas during NAF E the mean wd and ws are 73 ± 17 degrees (east) and 6.9 ± 0.9 ms −1 , respectively. The low standard deviations indicated relatively constant vertical profiles of wind speed and direction during both NAF W and NAF E scenarios. The mean ws within the first kilometre during NAF E doubled the mean wind velocity under NAF W, REG (3.2 ± 1.2 ms −1 ) and ATL (3.8 ± 1.5 ms −1 ) days, probably preventing the development of the SML.
The mean diurnal cycles of β 500 and β 800 during ATL, REG and NAF are fairly similar (Fig. 1a) , showing higher values at night and minima during daytime. However, the diurnal cycles of backscatter under NAF also show the presence of multiple peaks due to transported dust from Africa.
Finally, the importance of RH variation in determining the scattering properties of aerosols can be assessed here by looking at the diurnal cycles of β 500 , β 800 , PM 1 and RH under ATL (Fig. 1a, b) . During ATL both β 500 and β 800 show clear diurnal cycles whereas the PM 1 concentrations show no diurnal cycle, being fairly constant throughout the 24 h. Conversely, under the NAF and REG scenarios, variations in the diurnal cycles in PM 1 concentrations and β 500 and β 800 are observed. Figure 1a shows that the ground wind velocity during ATL was fairly high and constant throughout the day. This is probably the most important variable determining the low daily variability in PM 1 concentrations. Conversely, the RH, for which a clear diurnal cycle is observed under ATL, is the main parameter driving the diurnal cycles of aerosol backscatter (cf. Fig. 1b ). Figure 4 shows the relationship between the SML heights estimated from radiosoundings and ceilometer data at 12:00 UTC for the whole SAPUSS campaign and for each scenario. Such comparison is important given that both lidars and radiosoundes are widely used techniques for the determination of the SML height. A good correlation (R 2 = 0.80; p value < 0.05) is observed between the retrieved SML heights during the whole SAPUSS campaign (ALL). On average, the SML heights from radiosoundings were lower than those from the ceilometer by around 145 ± 145 m (error calculated as one standard deviation of the data). Recently, Haeffelin et al. (2012) showed that lidar/ceilometers tend to overestimate the mixing heights compared with radiosoundings. The deviations we observed in this study were of the same sign and range of the deviations reported by Haeffelin et al. (2012) . Good correlations are also observed specifically for each scenario, with coefficients of determination R 2 ranging from 0.75 (REG; p value < 0.1) to 0.96 (NAF; p value < 0.4). On average, the highest differences are detected for the REG and ATL scenarios with values around 166 ± 125 m and 249 ± 43 m, respectively, whereas during the NAF scenario the difference is small and slightly negative (−42 ± 41 m). The reason for the good agreement observed between radiosondes and ceilometer in estimating the SML heights during NAF could be the differential advection of air masses at different heights observed under the NAF scenario. (Fig. 3a) and the NAF E days (Fig. 3b) . Error bars represent one standard deviation of the means. < ws> 1 km and < wd> 1 km stand for mean wind speed and direction, respectively, averaged within the first kilometre of height from radiosoundings. 12:00 UTC and calculated for the NAF days (two examples are shown in Fig. S3 in the Supplement) display the differential advection with the air mass ending at 1000 m a.g.l. clearly coming from Africa and those at lower altitudes having different origins. This differential advection may have caused an abrupt change in physical (aerosol) and thermodynamic (potential temperature) properties at the top of the SML, thus minimizing the differences typically observed between ceilometer and radiosondes in estimating the SML height. By contrast, the opposite trend is seen for the ATL scenario where the air masses had the same origin at the altitudes considered (cf. Supplement Fig. 4 ) and the largest difference between the SML heights can be observed.
Comparison of SML height: ceilometer vs radiosonde
Relationship between aerosol backscatter vertical
profile and thermodynamic states of the atmosphere Figure 4 shows that the changes in the thermodynamic state of the atmosphere at the top of the SML are closely correlated with the variations in the aerosol load. The correlation is studied in greater depth here by comparing the potential temperature and the aerosol backscatter vertical profiles from 500 m up to 3000 m a.g.l. This analysis seeks to show how the unstable, stable or neutral atmospheric conditions of the atmosphere alter the distribution of aerosol backscatter with height. Fourteen vertical profiles of aerosol backscatter integrated between 12:00 and 12:30 UTC (no clouds included) were selected and compared with the potential temperature profiles from radiosondes launched at 12:00 UTC. The 14 profile pairs were interpolated to a vertical resolution of 30 m and were averaged to obtain one pair of mean aerosol backscatter and potential temperature vertical profiles. Figure 5a shows the relationship between the first derivatives with height of the mean aerosol backscatter and potential temperature profiles, ranging between 500 m and 3000 m a.g.l. with z = 30 m. Figure 5b is calculated by averaging the first derivatives every 200 m ( z = 200) and error bars in Fig. 5b indicate ± 1 standard deviation of the means. Figure 5c and d are similar to Fig. 5a and b, respectively, and were obtained by using a subset of 4 profile pairs that showed different characteristics as described below. The NAF days were excluded from this analysis because the gradients of the backscatter coefficient in the presence of aerosol layers of different origin were strong enough to impair the backscatter-temperature relationship. The mean vertical profiles of backscatter, potential temperature and relative humidity calculated by averaging the 14 profiles are shown in Fig. 5 in the Supplement. Figure 5a and b show that the backscatter coefficient increases with height (dBeta/dz > 0) at altitudes (between about 500 and 900 m) where θ is fairly constant or increases slightly with height (dϑ/dz ∼0). This first altitude range represents the mean SML height. In this range, convection rapidly mixes the atmosphere with the result that θ is fairly constant with height and the atmosphere is characterised by neutral stability. Above ∼1000 m and up to ∼1700 m the backscatter coefficient decreases with height (dBeta/dz > 0), showing a slightly negative slope around 900-1100 m, which becomes steeper with increasing height up to 1500-1700 m. This altitude range represents the atmospheric region between the top of SML and the DRCL. Conversely, the potential temperature increases with height from 1000 m up to 1700 m (dϑ/dz> 0), showing steeper positive slopes with increasing altitudes. These conditions give rise to stable stratified conditions with suppressed vertical motions. The increasing and decreasing trend of aerosol backscatter coefficient as a function of the potential temperature between 500 m and 1700 m is highlighted by the yellow area in Fig. 5b . From ∼1700 m up to 3000 m the backscatter coefficient shows a very small negative derivative, indicating a gentle decrease in aerosol backscatter with height in the free troposphere. By contrast, at these heights the potential temperature increases showing steeper slopes with altitude (dϑ/dz> 0). The behaviour of both variables in the free troposphere is highlighted by the blue area in Fig. 5b .
The anticorrelation/correlation reported in Fig. 5 changes with height, allowing for the identification of SML, residual layer (RL), DRCL, and free troposphere (FT). Figure 5c and d were obtained by using a subset of 4 profile pairs when the lower atmosphere showed a certain degree of instability (dθ/dz< 0) up to about 600 m a.g.l. Nevertheless, the backscatter behaves in the same way as it does under neutral conditions and increases with height (dBeta/dz > 0). The observed increase of aerosol backscatter within the SML at midday irrespective of the thermodynamic states of the atmosphere is probably due to the increase with height in relative humidity within the SML. Figure 6a and b show the relationship between the first derivatives of backscatter coefficient and relative humidity profiles as a function of height. Figures 6a and 6b show that both backscatter and relative humidity increase with height between 500 m and 900 m (within the SML) and decrease with height starting from 900 m. In the free troposphere (blue coloured area) the backscatter decreases only slightly with height, with the RH showing steeper slopes with respect to backscatter.
Discussion and conclusion
During the SAPUSS (Solving Aerosol Problems by Using Synergistic Strategies) project a vertical-pointing 1064-nm wavelength CHM15K ceilometer was deployed with the aim of determining the boundary layer structure, evolution and optical properties over the coastal area of Barcelona. Ceilometer data has been thoroughly analysed in order to provide valuable insights on (1) the impact that three typical atmospheric scenarios (African dust outbreak, Atlantic advection, Regional recirculation) have on the PBL over a coastal Mediterranean urban area in the WMB, and (2) the possible explanations for the observed increase of aerosol backscatter with height within the SML irrespective of the thermodynamic states of the atmosphere. Our findings can be summarized as follows:
1. PBL maximum height (H) and daily variations (DV) were strongly dependent on air mass types, ranging from the highest H -strongest DV during the ATL to the lowest H -weakest DV during the NAF. The observed differences in the PBL structure over Barcelona were due to the concomitance of different factors. The presence of warm African air masses above colder local air changed the temperature profile thus lowering the height of the inversion. As a result the mean SML height during NAF was 25 % lower than the ATL scenario. Previous studies conducted in Barcelona have related the lack of a clear PBL-height annual cycle to the typical summer conditions of the WMB characterised by weak pressure gradients and the development of breeze circulation patterns (Sicard et al., 2011) . Even though the breeze pattern is a recognized phenomenon affecting the growth of PBL at coastal sites, the higher occurrence and the intensity of African dust episodes in the WMB in summer (10-20 % of the days, Pey et al., 2010b) may also contribute to prevent the development of the PBL. The current result will be a motivation to further investigate the possible relationship between PBL height, PBL temperature profiles and African dust episodes.
2. The analysis of the relationship between the SML heights estimated by the ceilometer (SMLh ceil) and radiosoundings (SMLh rad) at 12:00 UTC revealed another interesting characteristic of PBL under NAF. On average the SMLh rad were lower than the SMLh ceil by around 166 m and 249 m during REG and ATL, respectively, whereas during the NAF scenario the difference was smaller (−42 m). We argue that a possible reason for the good agreement between SMLh ceil and SMLh rad during NAF may be the presence of abrupt changes in the vertical profiles of backscatter and potential temperature at the SML top caused by the differential advection of air masses above Barcelona during NAF. These abrupt changes could reduce the uncertainties in SML top retrieval from the two techniques. The mean slopes of the lidar backscatter and potential temperature profiles at the top of the SML during NAF were −38 ± 7 × 10 2 Mm −2 sr −1 and +18 ± 7 × 10 −3 • Km −1 , respectively, at 12:00 UTC. By comparing these values with Fig. 5 , we can observe that the potential temperature's and the backscatter's first derivatives during NAF were out of the range of values reported in Fig. 5 . These values corroborate with the hypothesis that the differential advection caused abrupt physical and thermodynamic changes at the SML top, which accounted for the good agreement between SMLh ceil and SMLh rad during NAF.
3. Aerosol backscattering coefficients (BSC) were highly variable, with the highest values influenced by both African dust intrusions (NAF) and regional anthropogenic pollution (REG). The lower SML under NAF favoured the transport of the Saharan dust down towards the surface layers by dry deposition. As a consequence, the NAF scenario registered the highest mean β 500 and β 800 measured during the campaign, which were 20 % and 15 %, respectively higher than under REG and 50 % and 46 %, respectively, higher compared with ATL.
4. In the portion of the atmosphere characterised by neutral thermodynamic stability conditions (dθ /dz ∼0) at midday, the BSC increased in parallel with RH with altitude. By contrast, under the stable stratified conditions (dθ/dz > 0) above the SML, BSC decreased with falling RH with height. The increase in BSC with altitude was also detected under unstable atmospheric conditions (dθ /dz< 0). This analysis revealed that at midday the aerosol backscatter over the coastal site of Barcelona increases with height from near ground to the SML top irrespective of the thermodynamic states of the atmosphere. At midday the portion of the atmosphere characterised by neutral thermodynamic stability conditions (dθ/dz ∼0) is assumed to be well mixed and represents the volume of air into which pollutants can be dispersed. The increasing backscatter with height within the SML at midday was due to the increase with height of RH, which through aerosol swelling, increases the effective aerosol cross section. When lidar data are used to estimate the PBL AOD from extinction measurements, a common assumption made is to assume the extinction to be a flat extrapolation at ground of the extinction profile at the range of full overlap. On the base of 1 month of radiosundings performed during SAPUSS, we observed that the RH at Barcelona monotonically increases with height by around 40 % from ground to the SML top. Thus, the observed strong RH dependence of backscatter vertical profile should be taken into account for PBL AOD calculation from lidar extinction data.
In summary, the continuous online measurements of the PBL characteristics and aerosol optical properties taken during the SAPUSS project were proven to be valuable. Further studies are necessary to improve our knowledge on the relationship among African dust outbreaks, temperature's vertical profile and PBL height.
Supplementary material related to this article is available online at: http://www.atmos-chem-phys.net/13/ 4983/2013/acp-13-4983-2013-supplement.pdf.
